Experimental streams are bounded and partly enclosed lotic units that facilitate the simulation of certain aspects of natural stream ecosystems under controlled conditions. We summarized the current knowledge regarding experimental streams in order to support researchers in designing and undertaking future studies using experimental streams. We observed an increase in the number of such studies since 1975. The geographically uneven distribution of studies suggests that the generalization of findings to global scale may not be straightforward. Our results indicate that macroinvertebrates, fish, and algae are the most frequently studied organisms and that the size of the experimental streams was related to the focal organism group(s) studied. The size of the units decreased over time, while the number of treatments, interpreted as the combination of the levels of factors, increased. These results suggest that biologically complex studies have gradually been replaced by biologically less complex ones. In contrast, the experimental complexity (the number of treatments) and the statistical power (number of replication) increased. Finally, we identified a number of important, but poorly documented pieces of information regarding experimental stream systems and experimental protocols and made recommendations for future research.
Introduction
Controlled experiments are among the most frequently applied approaches in ecology (Orlóci, 1978) . Compared to observational studies, where researchers merely describe what is happening, in experiments researchers have the ability to control most of the variables (controlled experimental condition) and manipulate one or more factors of specific interest. As a result, experimental studies are founded on the principles of cause and effect, specifically examining Handling editor: Verónica Ferreira Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10750-019-04093-0) contains supplementary material, which is available to authorized users.
relationships that cannot be demonstrated via observational studies (Rosenbaum, 2017) . Experimental streams are typically bounded (i.e., having solid impermeable margins) and partially enclosed experimental units that closely simulate certain/specific elements of natural stream ecosystems. In this respect, they can be regarded as experimental mesocosms (Odum, 1984) , which comprise a wide variety of designs ranging from indoor laboratory streams to outdoor artificial channels (Liess et al., 2009; Piggott et al., 2015a, b, c) . Following the definition of mesocosms of Stewart et al. (2013) , we considered only experimental streams, where the volume of the stream unit varies between 1 and several thousands of liters. The application of this definition allows us to disregard ''microcosm'' studies, which are characterized by limited biological complexity.
This study focuses exclusively on 'experimental streams,' but not on experiments carried out in streams. Therefore, we disregard, among others, litter breakdown experiments (e.g., Gessner & Chauvet, 2002 , Boyero et al. 2011 , whole stream manipulations including restoration (Peckarsky et al., 2002; Bond & Lake, 2005) , as well as other experiments in real streams (e.g., Bond & Downes, 2000; Thayse & Schmera, 2016) . Studies performed in experimental streams have made significant contribution to the fields of fundamental stream ecology and biodiversity research. For instance, they provided evidence that the facilitation among species is a key mechanism by which biodiversity affects the rate of resource use governing the efficiency and productivity of ecosystems . They have been pivotal in demonstrating that lotic communities are not only affected by individual stressors, but also by the interactions among them (Liess et al., 2009; Matthaei et al., 2010; Piggott et al., 2012; Wagenhoff et al., 2012) . Therefore, river managers and regulators need to be aware of the potential of interactive multiplestressor effects, given that ecological outcomes of an increase in a stressor may be amplified more than predicted based on the knowledge of single-stressor effects (Matthaei et al., 2010) . In addition, experimental streams have been used for simulating the effect of climate change, drought, flow events (high and low flow), nutrient enrichment, biological invasion, habitat modification, and the specific effect(s) of chemicals (i.e., ecotoxicology studies) on organisms and their functioning (e.g., Humphrey & Stevenson, 1992; Beeson et al., 1998; Woodward et al., 2010; Stewart et al., 2013; Elbrecht et al., 2016) .
Review papers focusing on experimental streams provide comprehensive summaries regarding how stream ecosystems respond to the effects of drought (Ledger et al., 2012 , urbanization (Taulbee et al., 2009) , and specific toxins (Beeson et al., 1998; Krogh et al., 2003) . However, these provide limited information on the design of the experimental streams utilized or the protocols employed to achieve particular objectives, information that may be essential for stream ecologists performing experimental studies in the future using comparable approaches. The latest review on this topic was published more than 20 years ago (Belanger, 1997) , and the concept and use of experimental streams might have changed since then. Thematic overviews (e.g., Stewart et al., 2013) focus on specific topics (e.g., climate change) without clear separation of experimental streams from other types of mesocosms (i.e., mesocosms in terrestrial, marine, coastal, estuarine, and lentic systems).
The primary objective of this study is to summarize the current knowledge of experimental stream research, and to support researchers in designing experimental stream systems and carrying out such studies in the future. In particular, we provide the first summary regarding certain aspects of the facilities and protocols used in experimental stream studies. We also identify essential but frequently unreported parameters of experimental facilities and protocols which are required in order to improve our understanding of and ability to replicate studies in the future. Specifically, we were interested in answering the following questions:
(1) How are experimental streams designed?
(2) Which organisms are the most frequently used in experimental streams? (3) Which are the most frequently applied protocols in experimental stream studies? (4) Has the use of experimental streams changed over time? (5) Are experimental facilities and protocols fully documented in published studies?
Literature survey
On March 25, 2019, we carried out a literature search in ISI Science Citation Index Expanded database from 1975 to 2018 using the following combination of keywords: (''stream mesocos*'' OR ''streamside channel'' OR ''stream-side channel'' OR ''experimental stream''). We did not consider the keyword ''flume'' because it is used in physics and flow studies, and the search resulted in a large amount of irrelevant papers. After examining the abstracts, only papers related to experimental lotic streams were retained, reducing the number of papers to 274. Subsequently, each paper was read carefully to confirm its relevance to the study of experimental streams and lotic ecosystems. Twenty-four papers were considered to be irrelevant and resulted in a total of 250 papers (Electronic Appendix 1). To make our survey more representative, we supplemented the list by 14 additional papers (Electronic Appendix 2), which were known to us but did not appear in the literature search.
Consequently, we used 264 papers in the analyses. The number of papers increased over the study period considered (Fig. 1 ). Although the first paper appeared in the 1970s, there was a gap between 1979 and 1986. The most productive period commenced in 1987 and peaked in the last three studied years (2016) (2017) (2018) . The papers reviewed reported 385 studies (i.e., a piece of scientific work performed for a particular purpose), of which 367 (95.3%) were experimental (i.e., included manipulation of one or more abiotic/biotic factors) and 18 (4.7%) were observational without any experimental manipulation (e.g., describing the behavior of a fish in an experimental stream channel, De Gaudemar & Beall, 1999; Troia et al., 2014) .
Methods
During the detailed reading of each paper, we recorded the following information: (i) the size and dimensions of the experimental facility, (ii) the 'effects' studied/ tested in experimental streams, (iii) the organisms studied, (iv) the type (i.e., behavior, survival, diversity abundance, biomass, ecosystem function, physiology, or other) and response (i.e., individual, population, community, and ecosystem) levels, and (v) details regarding the experimental protocols employed (i.e., duration of conditioning period and number of treatments and replicates, see Electronic Appendix 3 for further details). We recorded the data in a spreadsheet. When information was not available in the original publication (including appendices, supplementary material, or supporting references), we recorded it as 'missing data' (coded in R programming environment as ''NA''). Calculation of summary statistics and data visualization were performed in R (R Core Team, 2017).
Experimental facility
Our study showed a geographically uneven distribution of experimental stream studies indicating a strong bias towards North America. A large number of experimental stream studies were undertaken also in Europe, while Asia, South America, and Australia/ New Zealand were underrepresented in comparison ( Fig. 2A ). There were no published studies available from Africa based on the search terms used. Although this bias is independent from the experimental approach, it does not support inference of broad generalizable conclusions (e.g., response to climate change might be geographically specific, Stewart et al., 2013) . However, if research activity, i.e., the number of studies is standardized by the millions of people living on each continent (as a rough proxy of ecologists working with experimental streams, hereafter standardized research activity), then Australia/ New Zealand has a leading position in the field followed by North America and Europe (Fig. 2B) .
Most of the studies were performed in outdoor facilities (54.8%, total N = 279, e.g., Gillespie et al., 1996; Baker et al., 2016) or indoor (37.3%, e.g., Belanger et al., 1995; Cardinale, 2011) , with a limited number of studies ran in greenhouses (7.9%, e.g., Larson et al., 2009; Clements & Kotalik, 2016) . Most studies have been carried out using linear experimental facilities (83.2%, total N = 344, e.g., Belanger et al., 1995; Clements & Kotalik, 2016) , but circular (11.6%, e.g., Fuller et al., 1998; Wagenhoff et al., 2012) and other configurations (5.2%, e.g., complex systems, Hargrave et al., 2006; Driver & Hoeinghaus, 2016 ) also exist. Although this observed unevenness indicates the popularity of linear systems, circular systems are receiving increased attention (Nannini & Belk, 2006; Liess et al., 2009; Wagenhoff et al., 2013; Elbrecht et al., 2016) . A range of different materials have been used to construct the stream channels with plastic being the most frequently applied (48.9%; Fig. S1 ). This reflects its high utility as it can be used to construct channels of different sizes, in a variety of settings and it is relatively cheap. The water volume of the individual experimental units ranged between 2 (Pennuto & de Noyelies, 1993) and 302,500 l (Bankey et al., 1995) , with the majority varying between 10 and 1,000 l (Fig. 3) . In linear experimental streams, the length varied between 34.5 cm (Pennuto & de Noyelies, 1993) and 518 m (Allen, 1991) . This range reflects a good trade-off between the simplifications of experimental stream systems and the practicalities of conducting an experiment. Similar values have been reported in earlier reviews (e.g., Belanger, 1997; Mohr et al., 2005) , but the size of the experimental streams varied considerably and even smaller experimental unit volumes (\ 10 l) have been successfully used in addressing important stream ecology research questions Cardinale et al., 2004; Matthaei et al., 2010; Cardinale, 2011; Lange et al., 2011; Kulacki et al., 2012; Piggott et al., 2012 Piggott et al., , 2015a Wagenhoff et al., 2012 Wagenhoff et al., , 2013 Magbanua et al., 2013) . Most studies use a through-flow system (58.0%, total N = 307, e.g., Gillespie et al., 1996; Elbrecht et al., 2016) but water may also be re-circulated (38.4%, e.g., Belanger et al., 1995; Driver & Hoeinghaus, 2016) and in some instances a combination of the two has been used (3.6%, e.g., Fairchild et al., 1987; Taylor et al., 1994) .
Natural streams are open ecosystems characterized by continuous immigration and emigration of stream biota. Although through-flow experimental streams allow the immigration of stream organisms, this colonization process is strongly size-dependent: the inner diameter of the pipe (Ø = 0.63-16 cm) transferring water and stream biota to the experimental channels can physically restrict the colonization of some organisms. To address this limitation, focal organisms are frequently introduced by the investigators (e.g., Piggott et al., 2015a, b , c note that the colonization of macroinvertebrates was augmented). Such introduction is necessary in the majority of closed re-circulated systems.
Studied effects, organisms, and responses
The influence of toxic chemicals, biotic manipulations, nutrient additions, and habitat quality modifications are the most frequently studied effects, while water-level, thermal, and light manipulations and the effects of invasive species were underrepresented in comparison (Fig. 4) . Studies addressing the effects of toxic chemical pollutants and nutrients, which are strongly related to human impact on aquatic environments, are frequently tested and reviewed (Beeson et al., 1998; Ferreira et al., 2015) . Research on the effects of changes in water temperature, light alteration, and invasive species is crucial for understanding and addressing contemporary challenges such as climate change, and hence should be encouraged (Stewart et al., 2013) . Macroinvertebrates, fish and algae were the most frequently studied organisms ( Fig. S2 ). All of these groups have been identified previously as popular model organisms in experimental stream systems (e.g., Belanger, 1997; Ferreira et al., 2015; Dewson et al. 2017 ). In addition, we found that vascular plants, zooplankton, and amphibians were underrepresented. This finding is not surprising because these organisms are not typical members of stream communities. Some studies, however, submerged zooplankton in small cages in experimental streams for toxicological studies (e.g., Pablo et al., 2008) . Finally, we found that the different levels of biological organization are almost equally represented in our survey (individual: 41%, population: 47%, community: 43% and ecosystem: 61%) suggesting that experimental streams are flexible tools and suitable to perform a wide range of experiments.
Experimental protocols
The conditioning period prior to the commencement of the experiment ranged between 0 and 973 days, but typically varied between 10 and 100 days (54% of the studies, Fig. 5A ). The duration period of the studies varied between 3 min (behavioral study; Vance, 1996) and 1260 days (e.g., Hall et al., 1991) , but typically varied between 10 and 100 days (61% of the studies, Fig. 5B ). These duration periods are adequate to examine the responses of stream ecosystems at relevant ecological time-scales, and may allow restricted inference regarding the effects of long-term phenomena such as climate change (but see Piggott et al., 2012 Piggott et al., , 2015b . The number of treatments applied, including control treatments, varied between 1 (no manipulation: observation studies) and 64 (test of two factors, each with 8 levels, e.g., Wagenhoff et al., 2012) , whereas the median value was 4 (total N = 319, Fig. S3A ). In some of the experiments, the number of replicates was not the same for each treatment. Therefore, we analyzed the smallest and the largest number of replicates used separately ( Fig. S3B  and S3C ) and found that the minimum number of replicates was 1 (no replication) while the median value was 3. The maximum values were 36 for the smallest number of replicates, and 192 for the largest one (the latter being a behavioral study where each individual was considered as replicate, e.g., Higler, 1975, Fig . S3C) . These values are similar to those reported previously (e.g., Belanger, 1997) , although the range reported here is greater, which is likely a reflection of the higher number of effects considered (e.g., behavioral studies).
Association between research topic, experimental facility, and the studied organisms
We examined the frequency of different groups of organism used to test a range of specific effects (Table 1) . Fish were most commonly used in studying the effects associated with invasive species (66%) and biotic effect manipulations (58%). Algae were almost always used when examining the effects of light manipulation (86%). We found that macroinvertebrates were frequently used to test nutrient addition (59%) and the ecotoxicological effects (59%). The responses of other groups of organisms were less frequently investigated. Studies on the effects of climate change (e.g., water temperature manipulations, light manipulations, and invasive species) were underrepresented in microbial investigations (20%, 29%, and 0%, respectively). On the one hand, this knowledge gap is surprising given that microbial communities are likely to respond significantly to climate change. On the other hand, microbial investigations are mostly performed in microcosms that are outside of the scope of the current review. The size of the experimental stream units, expressed as volume, was related to the group of organisms studied: the median value of experimental stream volume was the smallest for algae, followed by macroinvertebrates and fish (Fig. 6 ). We found that algae, macroinvertebrates, and fish were used in experimental streams of a wide range of sizes (IQR = 10-1,000 l). An obvious explanation for this is that the majority of studies examine several organism groups at the same time, and the size of the experimental stream unit is selected for the needs of the largest organisms. The smallest experimental units had a capacity of 2.5 l for algae, 2 l for macroinvertebrates, and 3.7 l for fish. Given that a study might address multiple groups or effects, neither the sum of rows or of columns give 100%
Temporal changes
We examined the temporal changes in research protocol and observed a slight increase in the range of the number of treatments through time (Fig. S4 ). A similar pattern was observed regarding the (smallest) number of replicates (Fig. S5) . These findings suggest that experimental stream studies are becoming more complex (increasing number of treatments, Wagenhoff et al., 2012) with increasing statistical power (increasing number of replicates). We also found that the size of the experimental streams (expressed in volume) decreased over time ( Fig. 7 ; values for the log transformed dataset: r = -0.279, N = 261, P = 0.002).
Lack of data on experimental facilities and protocols
We found a high rate of missing information related to the description of experimental facilities in the published protocols ( Table 2 ). The frequency of missing data was greater than 50% for four experimental stream parameters (sediment depth, maximum and mean water depth, construction material), while data on the experimental protocol parameters were always below 40% indicating that important information regarding both the experimental stream and protocols was not given ( Table 2) . The high proportion of missing values reduces the repeatability of individual experimental studies. Based on our results, we recommend that the writing of the 'Methods' section should be undertaken more carefully in order to improve reproducibility of studies in the future. We feel that this phenomenon might be related to the requests of journals for a reduced 'Methods' section. A potential solution would be to move such information to the supplementary material.
Recommendation for future research 1. Experimental stream studies provide a great opportunity to answer a range of scientific questions on stream ecosystems, as they allow for a high degree of realism, control, and replicability. 2. As climate change and other anthropogenic activities have significant impact on lotic ecosystems and their diversity, research effort should be increased in this area. Experimental streams allow for the manipulation of water levels, temperature, and light that can help us study and address such environmental challenges. 3. There is a need for a more even distribution of experimental stream studies on the geographical scale; therefore, the number of studies in Asia and South America should be increased. 4. While linear outdoor stream systems are the most frequently used, other configurations should also be considered. Circular systems, for instance, seem to be highly realistic. 5. There is a tendency towards smaller experimental streams, while the number of treatments and the number of replicates increase with time. We predict that the decrease in the size of stream units will stop in the future because further reduction (\ 1 l) is not possible due to the required level of biological complexity. As already demonstrated, the application of several small experimental stream units allows to test the interaction of different factors. The interactions of multiple factors are less known, and therefore we recommend to focus on interactions for a deeper understanding of stream ecology.
6. Alternatively, use larger experimental streams or consider whole stream manipulations for studying large-bodied organisms or more biologically complex systems. 7. Document the details of experimental stream studies more carefully. These efforts would contribute to the replicability of these studies.
